We study electron transport in a normal-metal ring modeled by the tight binding lattice Hamil- 
I. INTRODUCTION
The persistent current in equilibrium and the Aharonov-Bohm (AB) oscillations of conductance with changing magnetic flux, realised in normal metallic ring, are two important achievements of mesoscopic physics. Büttiker Both the persistent current [3, 4] in a closed ring and the AB oscillations of conducatance [5] of an open ring were experimentally realized at a few milli-Kelvin temperature.
In real systems inelastic scatterings are always present because of electron-phonon interactions [6] above about 1 K, whereas electron-electron interactions are expected to play dominant role at low temperatures in the absence of extrinsic sources of decoherence such as magnetic impurities. Certainly inelastic scattering introduces decoherence and both the above phenomena are diminished. Büttiker [7, 8, 9, 10] proposed a phenomenological model of inelastic scattering, hence dissipation and dephasing in the ring. This model is quite similar to self-consistent reservoirs model, introduced before by Bolsterli, Rich and Visscher [11, 12] in the context of heat transport. In Büttiker's model, the ring is connected to a reservoir of electrons of chemical potential µ whose value is determined self-consistently by demanding that the average electron current from the ring to this side reservoir should be zero. This conserves the total number of electrons in the original system. In this model the side reservoir destroys the coherence of conducting electrons by removing them from the transport channel and then re-injecting them in the channel with a different phase and energy; thus dephasing and dissipation can both occur. With a single Büttiker probe, conductance of the open ring enclosing a magnetic flux satisfies the Onsager reciprocity relation i.e., G(φ) = G(−φ). But in this model dephasing occurs locally in space whereas in a realistic system it happens uniformly throughout the ring. There is another popular model [13] to incorporate dephasing, where a spatially uniform imaginary potential is added in the Hamiltonian of the system which again removes electrons from the phase coherent transport channel. This model suffers from a drawback in that it violates the above stated Onsager reciprocity relation. Brouwer and Beenakker [14] have removed the shortcomings in the imaginary potential model by re-inserting back the carriers in the conducting channel to conserve particles. Then they compare the two above stated models for dephasing in a chaotic quantum dot. We also emphasize that they consider a single but many channels voltage probe. So a more careful formulation of uniform dephasing with voltage probes is clearly desirable.
Here we do a simple extension to get uniform dephasing in the ring with Büttiker probes.
All the sites of the ring modeled by the tight-binding Hamiltonian are connected with one dimensional electron reservoirs which are also modeled by the tight-binding Hamiltonian.
Two distant side reservoirs with fixed chemical potentials µ L and µ R , act as source and drain respectively. Chemical potentials of the other reservoirs are fixed self-consistently by imposing the condition of zero current. Now in this extended model decoherence occurs uniformly throughout space. We show that again the conductance G(φ) is symmetric under flux reversal and the AB oscillations of G(φ) decay to zero as the strength of coupling, γ ′ between the side reservoirs and the ring is increased. One nice consequence of this extension is that we can find exact chemical potantial profiles of the ring's sites with changing magnetic flux by tuning the coupling γ ′ to almost zero. This is similar to a four-terminal resistance measurement with non-invasive voltage probes [15] .
Persistent current in an open ring is realized even without any magnetic flux in the presence of a transport current [16, 17] 
II. MODEL AND GENERAL RESULTS
We consider a one-dimensional mesoscopic ring modeled by the tight-binding lattice
Hamiltonian. Two distant sites 1 and M of the ring are connected to two infinite reservoirs with specified chemical potentials µ 1 and µ M . They are respectively source and drain.
Each arm of the open ring between these two contacts has N 1 and N 2 sites, each of which is coupled to an infinite reservoir at chemical potential µ l and small finite temperature T .
[see Fig. (1) ]. All the reservoirs are also modeled by a one-dimensional tight-binding Hamiltonian. The total Hamiltonian of the system consisting of the ring and all the reservoirs is given by
where
Here c l and c Following Ref. [19, 20] , we get the steady state solution of the ring variables in Fourier domain,c
and
is the Green's function of the full system (ring and reservoirs) and for points on the ring can be written in the form
, is a self-energy term modeling the effect of infinite reservoirs on the isolated single particle ring Hamiltonian H r . Σ
2 g l+ 1,1 (t) where g l+ 1,1 (t) is the single particle Green's function of the lth reservoir at site 1. Hereη(ω) is the noise characterising reservoir's initial distribution. The effective ring Hamiltonian is H r + Σ + which can be shown to be non-Hermitian. We will use it to find bound states in a later section. Now one important point to notice is that, for θ not equal to an integral multiple of π, Z lm is not symmetric matrix. So the presence of magnetic flux φ breaks down the symmetric property of the G + (ω) whenever φ is not equal to an integral multiple of Nφ 0 /2. This is a consequence of the loss of the time reversal symmetry of the problem in the presence of magnetic flux.
In the present work we are interested in electron current from the reservoirs to the ring and also current in the ring. For this purpose we first define electron density operator on the ring sites and then use the continuity equation to get the corresponding current operators. Let us define j l as the electron current between sites l , l + 1 on the ring and j r−l as the electron current from the ring to the l th reservoir. These are given by the following expectation values:
where e is the charge of the electron. Using the general solution in Eq. (2.2) and the noisenoise correlation [20] , we can do the above averaging and find
where G − lm = G + ml * and f l is the Fermi function. The chemical potentials of the reservoirs at the sites of the ring 1, M are specified by µ 1 = µ L and µ M = µ R . Here we restrict ourselves at low temperature and linear response regime where the applied chemical potential difference
For notational simplicity we choose: γ l = γ for l = 1, 2...N and γ
With this assumption, the reservoirs including source and drain will have the same Green's function and density of states and we will use the notation g l+ 1,1 (ω) = g + (ω) and ρ l (ω) = ρ(ω) [20] .
In the linear response regime, taking Taylor expansion of the Fermi functions f (ω, µ l , T ) about the mean value µ = (µ L + µ R )/2, Eqs. (2.3) and (2.4) reduce to the following set of equations:
where F lm and T lm are evaluated at ω = µ/ . These are linear equations in {µ l } and are straightforward to solve numerically. In the next section we will consider the case of an open ring in the presence of uniform dephasing and dissipation. Later, we will study the persistent current in an asymmetric open ring in the absence of both magnetic flux and decoherence by external reservoirs.
III. EXTENDED BÜTTIKER'S MODEL FOR UNIFORM DEPHASING IN OPEN RING ENCLOSING MAGNETIC FLUX
Before presenting results of uniform dephasing in the open ordered ring threaded by magnetic flux φ, we first try to address the issue of, why we require an extension of Büttiker's single probe model, apart from the construction of a more realistic microscopic model. In this section we work out all the results for a symmetric open ordered ring, i.e., the number of sites in the two arms of the ring between two contacts at 1 and M, are equal, or N 1 = N 2 .
All the results remain unchanged for the asymmetric case from the physics point of view.
Also we keep ideal leads at 1 and M, i.e., γ Once the chemical potential profile of the side reservoirs is found, we use Eq. (2.6) with l = 1 or M, to determine the electron current from the source to drain. First, we carry out both the above jobs numerically. In all the numerical results presented in this paper we set electrical charge and Planck constant as unity. In Fig. (3) we plot conductance 
where l ′ = M + 1 − l. With these transformations and the above mentioned Green's function properties, we see that the total current, i.e., conductance, remains invariant under φ → −φ.
As discussed earlier in the introduction, one elegant outcome of this extension is that, we can now evaluate local chemical potential profiles of the ring's sites with changing magnetic flux by tuning γ ′ tends to zero. This is quite analogous to a four-probe measurement of a voltage drop in a nanoscale system [15] . First we give in Fig. (4) with a middle site of the open ring. We then determine the chemical potential (µ l ) of the probe, i.e., the corresponding site, from the self consistent Eq. (2.6). Moving the probe over all middle sites of the ring we can evaluate the full {µ l } profile in a compact form. 
IV. PERSISTENT CURRENT IN OPEN ASYMMETRIC RING: ROLE OF CLOSED RING'S EIGENSTATES
In this section we investigate currents in a normal-metal ring connected with source and drain asymmetrically i.e. N 1 = N 2 . Asymmetry is very much required to achieve persistent current or current magnification effect in the open ring in the absence of magnetic flux.
We find an analytic expression for conductance G(φ) between two contacts of the ring from Eq. (2.6) by evaluating the Green's function as given in Appendix A. To find persistent current or circulating current in the ring, we have to know currents in both arms of the open ring separately. First we modify Eq. (2.5) to get current expressions j u and j d in the up and down arms respectively.
with γ 
where p, |C .347296 and two limiting values ±2 . We find zero transmission points are exactly at these doubly degenerate eigen-energies. We suspect there exist bound states of the total Hamiltonian as the transmission goes to zero in the absence of an extended state from source to drain. We will show below using an effective Hamiltonian approach that indeed they are bound states embedded in the continuum of scattering states (BIC). Also different ratios between arms' length, N 1 : N 2 , do change the transmission line shape pattern but not the antiresonance positions in the energy spectrum. In the inset of Fig. (6) we plot total current j as a function of Fermi energy in the weak coupling limit γ ′′ < γ. The transmission zeros at the doubly degenerate eigenvalues still survive but the two neighbored resonances around it almost merge together and their widths get reduced though the heights remain the same.
Also radiation shifts of the positions of the resonant peaks relative to the energy eigenvalues of the closed ring are observed in this regime. In strong coupling limit γ ′′ > γ, whereas anti-resonance points remain fixed, the resonance peaks expand.
Ef f ective Hamiltonian approach : Following Ref. [19] the bound states are obtained as real solutions of the equation 
Using the definition of self-energies we get,
where ϕ n (j) = j|ϕ n . Eq. (4.7) ia a matrix eigenvalue equation with H ef f referred to as the non-Hermitian effective Hamiltonian in S-matrix theory for transmission [24, 25] .
Restricting the energy of the reservoirs' electron in the conduction band i.e. | ω| < 2γ, we evaluate the eigenvalues of Eq. perfectly valid models for uniform dephasing [14, 29] . Still our extension is closer to experiments as here the coupling between the ring and the environment is direct and easily tunable. Recently the resistance of single-wall carbon nanotubes have been studied [30] in a four-probe configuration with noninvasive voltage electrodes. They have found that the four-probe resistance fluctuates and can even become negative at cryogenic temperature due to quantum-interference effects generated by elastic scatterers [22] in the nanotube. With recent progress in experiments with quantum rings [31] we believe that it is possible to detect the local chemical potential oscillations in the open ring as predicted in the present paper.
Here we should mention that differences between phase-sensitive and phase-insensitive measurements are drastic for an effectively single-channel transmission problem compare to multichannel conductor where it depends on the particular arrangement of probe-coupling [22] . It is also required further attention to investigate effects of static disorder (elastic scat- 
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Now using the method of Ref. [20] to determine inverse and determinant of the tri-diagonal matrix, we can find required inverse and determinant of the near circulant matrix Z through simple but tedious algebra. with p = N 2 − N 1 . Similarly, the co-factor can be evaluated following the above trick. Here we find first C 1M and calculate |C 1M | 2 which is relevant to determine conductance G(φ) of the asymmetric ring between the drain and source contacts. 
